Polycrystalline diamond (PCD) is currently used in the industry for cutting tools of difficult-to-machine materials because of its superior characteristics such as hardness, toughness and wear resistance. But the PCD material is difficult to machine due to its above properties. Electrical discharge and ultrasonic assisted mechanical combined machining process is a ideal method suitable for PCD materials. On the basis of analyzing the principle of this method, the electrical discharge and ultrasonic assisted mechanical combined machining process has been realized by using bronze-bonded diamond grinding wheel. The relationship of the machining effects and the parameters of the combined machining process has been studied. The experiment results indicate that parameters of pulse width, pulse interval, peak current, ultrasonic amplitude and open-circuit voltage influence the processing effects distinctly.
Introduction
Polycrystalline Diamond (PCD) is a kind of super hard composite materials which is sintered by synthetic diamond micro-crystals under high temperature (1400°C) and high pressure (60Gpa). During the sintering process, due to the existence of additives, combination bridge is formed between the diamond grains which consists of TiC, SiC, Fe, Co and Ni as the main components. Polycrystalline diamond, with its excellent performances in mechanical, thermal, chemical, acoustic, optic, electrical and other respects, is widely used in many fields including modern industry, national defense, high and new technology and so on [1] [2] [3] .
Diamond particles are firmly embedded in the strong skeleton which is made of combination bridges in the form of covalent bond, the strength and toughness of PCD are greatly improved and the air reaction with iron is also obvious. Now most of the PCD is the composite sintered body of diamond and cemented carbide substrate and diamond surface is coated with a layer of high melting point metal layer. Due to the electrical conductivity of the PCD combined bridge, PCD can be cut to make a variety of tools, and the cost is far lower than the natural diamond. With the improvement of its cutting performance, PCD has gradually replaced natural diamond tools in the precision machining of Non-ferrous metals or ferrous metals and it becomes the dominant tool of the precision machining of non-ferrous metals. It has a similar hardness to natural diamond and better wear resistance than natural diamond, so it is also widely used in the wire drawing die for drawing various metal wires, petroleum geological drilling and wheel dresser pen [4] . Though Polycrystalline Diamond has many excellent performances, but its promotion and application are restricted because of its high hardness and good wear resistance, which make its forming difficult. Therefore, it is important to study its processing method. Britain, China, Japan, Greece, Ukraine, Hungary and other countries are carrying out research in this field [5] [6] [7] [8] [9] . The main methods are the diamond wheel grinding, lapping, EDM (Electric Discharge Machining), laser machining, electrochemical machining and ultrasonic machining and combined processing technology [10] [11] [12] [13] . Combined processing technology has high accuracy and high processing efficiency. It has been widely used in Polycrystalline Diamond's precision machining. Electrical discharge and ultrasonic assisted mechanical combined machining equipment, taking the advantages of EDM finishing, ultrasonic machining and mechanical grinding process, can be used in processing polycrystalline diamond and other superhard materials.
A combined process of polycrystalline diamond by EDM and ultrasonic machining and combined processing is achieved in this study by using bronze bond diamond grinding wheel. An experimental study is carried out about the influences of different processing parameters on the material removal rate of polycrystalline diamond.
Theory of Electrical Discharge and Ultrasonic Assisted Mechanical Combined Machining
The metal bonded diamond grinding wheel was as a tool electrode and the workpiece was supplemented with ultrasonic vibration, electrical discharge and ultrasonic assisted mechanical combined machining achieves efficient precision machining of polycrystalline diamond materials by selecting appropriate combinations of process parameters such as metal bond type, wheel size and concentration, wheel speed, the EDM pulse width, pulse interval, peak current, ultrasonic vibration frequency, amplitude and so on. When there is high voltage between the metal bond of the wheel and polycrystalline diamond materials, a spark discharge will be produced. When polycrystalline diamond material is corroded, metal bond in the diamond wheel will be also removed. Therefore, the EDM will trim the grinding wheel as a result of which diamond grit in the wheel will be always sharp, and it will grind Polycrystalline Diamond materials continually. What's more, ultrasonic vibration of workpieces speeds up the removal of polycrystalline diamond materials. Due to the intervention of ultrasonic vibration energy, chip removal process has been effectively promoted; debris is difficult to adhere to the abrasive grains or blockage between the abrasive grains. These give the tools a lasting cutting ability, and can avoid surface burns, microcracks and other defects. So, through the triple roleV of spark discharge between the metal bond and polycrystalline diamond materials, mechanical grinding between diamond wheel and polycrystalline diamond and workpiece vibration, efficient precision machining for polycrystalline diamond material whose diameter is 50mm above was achieved. Processing theory schematic diagram is shown in Fig. 1 . 
Properties of the workpiece material.

The properties of workpiece material is listed in table1
Table1. Properties of the workpiece material [1] 
Material
Polycrystalline diamond Composition (wt%) C, 5%Co Grain size (μ μ μ μm) 2 Thermal conductivity (W/(m K)) 540
Melting point (°°°°C) 3700
Selection of abrasive wheels
The abrasives used in grinding wheel should be nonconductive with high stability in high temperature and bonding material and the substrate of the wheel must be conductive.
Bronze bonded diamond wheel is chosen and aluminum alloy is applied as the substrates, horn and diamond grinding wheels are made of one structure. Diamond grinding wheel structure is shown in Fig. 2. 
Selection of grinding fluid
Grinding fluid has functions such as cooling lubrication and dielectric fluid insulation. Therefore the DX-1 emulsion grinding fluid was used. The emulsion used for WEDM has good cooling, lubrication and cleaning performances. 
Experimental conditions
The open circuit voltages are 80V, 120V, 160V and 200V. The selection range of the peak current is 1A̚ 8A. Pulse width is about 5̚60μs. Ultrasonic frequency varies from 19 to 26 kHz and range of ultrasonic amplitude is 8̚18μm. The pulse interval times are 5μs, 10μs, 20μs, 30μs, 40μs and 60μs.
Law of the Electrical Discharge and Ultrasonic Assisted Mechanical Combined Machining Process
Effects of the pulse width
EDM single pulse energy is a function of discharge voltage, discharge current and pulse width:
Where u(t)ɮi(t) are the voltage and current varying with time in the discharge gap. t e is actual discharge time of a single pulse, that is the pulse width.
Pulse width is closely related to single pulse energy, and the single pulse energy has a direct relationship with material removal rate. Fig. 3 shows how pulse width changes the material removal rate when the peak current is stable. Experimental results show that pulse width has a significant impact on the processing efficiency. For the EDM power supply of the rectangular wave pulse, when the peak current is constant, the pulse energy and pulse width have a proportional relationship. When the pulse width increases, the processing speed increases. When the pulse width is increased to a certain value, the processing speed achieves the highest point. If the pulse width continues to increase, processing speed turns to a downward trend. The reason is that with the increase of pulse width, single pulse energy is gradually increasing and the processing speed is also increasing. When the pulse width achieves a certain value, although the single pulse energy is increased, most of the heat transformed from spark discharge disperses in the electrode and workpiece, and its contribution to the role of corrosion is very small. When other processing conditions are constant, with the increase of the single pulse energy, the corrosion material quantity will increase, making the exhaust and chip removal conditions poor. The processing stability deteriorates and the pulse energy cannot be fully utilized, and thus the processing speed decreases [14] . Fig. 4 indicates the impact of pulse interval on polycrystalline diamond material removal rate. Within a certain range, when the pulse interval is greater than 20μs, the processing speed gradually increases with the decrease of pulse interval. When the pulse interval decreases to a certain extent(less than 20μs,) the processing speed decreases as the pulse interval reduces. This is because when the pulse interval is reduced, the number of effective working pulse in unit time increases and the processing current increases, which leads to the increase of processing speed. When pulse interval is reduced to a certain value, the processing zone of the working fluid cannot complete deionization and remove electrical corrosion product. It will lead to a stable arc discharge, and general EDM process will not continue any more, resulting in the reduction of processing speed. 
Effects of pulse interval
Effects of peak current
Fig . 5 shows the peak current's influence on the material removal rate under the conditions of three different pulse widths. When the pulse width and pulse interval are given, the processing speed increases with the increase of the peak current (Fig. 5) . This is because the increase of the peak current means the increase of single pulse energy. Therefore the processing speed is improved. What should be pointed out is that Fig. 5 shows the experimental curves under certain conditions, when the peak current is great enough (that is single pulse discharge energy is great enough). The result is as the same as the matter of pulse width, the processing speed will get worse.
In addition, when the peak current increases to a critical value, the surface may appear microcrack [15] .The processing surface has tensile stress. So we should control the discharge energy, particularly the value of the peak current or pulse width [16, 17] .→ 
Effects of ultrasonic amplitude on processing speed
In the ultrasonic assisted grinding process, the tool carries out ultrasonic vibration following the horn; debris is difficult to attach or bond around the abrasive particles which is doing high-speed movement. So the tool is more difficult to clogging. In addition, the ultrasonic vibration tools will impact the grinding debris. Debris is discharged through the chute with the highspeed rotation of the tool during machining process and the damage on machining surfaces is also reduced. In the process of electrical discharge and ultrasonic assisted mechanical combined machining, ultrasonic vibration parameters mainly contain the amplitude and vibration frequency. The experiments show that the impact of the tool vibration frequency on the processing speed is very small, but the tool amplitude has a greater impact on the material removal rate. Ultrasound amplitude's effects curve on processing efficiency is shown in Fig.6 . It can be seen that with ultrasonic amplitude increasing, the corrosion speed increases subsequently. Overall, ultrasonic vibration has limited impact on the material removal rate. Where the open-circuit voltage increases, the field intensity between the tool and the workpiece is increases. Then, current density within the discharge channel prompts and single pulse energy improves too, which leads to the increase of the processing speed. If the open circuit voltage continues to improve and the discharge channels continue to expand, the current density also increases. Pull arc phenomenon will appear easily between the poles. So processing speed will reduce↠→ 
The relationship between the open circuit voltage and the processing efficiency
Conclusions
(1) With the high hardness and good wear resistance, PCD materials are very hard to be machined. Electrical discharge and ultrasonic assisted mechanical combined machining is an ideal method suitable for processing PCD materials.
(2) For the EDM power supply of the rectangular wave pulse, when the peak current is constant, the pulse energy and pulse width have a proportional relationship. When the pulse width increases, the processing speed increases. When the pulse width is increased to a certain value, the processing speed achieves the highest point. If the pulse width continues to increase, processing speed turns to a downward trend.
(3) When the pulse interval is greater than 20μs, the processing speed gradually increases with the decrease of pulse interval. When the pulse interval decreases to a certain extent(less than 20μs,) the processing speed decreases as the pulse interval reduces.
(4) When the pulse width and pulse interval are given, the processing speed increases with the increase of the peak current. 
